The Mg 60 Cu 30 Y 10 and Mg 65 Cu 20 Y 10 Zn 5 bulk metallic glasses in the form of a rod 2 mm in diameter were successfully prepared by the conventional Cu-mold casting method. The addition of Zn caused the decrease in the crystallization and melting temperatures in comparison with the Mg 60 Cu 30 Y 10 alloy. The crystallization and melting temperatures are crucial factors that influence the casting process. An increase in annealing temperature leads to structural changes by the formation of the crystalline phases and lowers the compressive strength. These results obtained for the Mg-based bulk metallic glasses (Mg-BMGs) are important for some practical reasons, in particular, for developing the fabrication process. It has been shown that minor addition of an alloying element can change glass-forming ability and strength of the MgBMGs.
Introduction
Mg-based bulk metallic glasses (Mg-BMGs) are of special interest, since they allow obtaining light-weight and low-cost materials. The first success in a preparation of Mg 65 The results showed that Mg-Y-Mm-Ni alloy is characterized by high mechanical strength and good bending ductility. Moreover, the application area of Mg-BMGs can be expanded by enhancing GFA that is related to various parameters, such as DT x (supercooled liquid region) or T rg (reduced glass-transition temperature).
The addition of Zn to Mg-based alloys could be also very profitable due to the increase in the oxidation resistance, which may render the material fabrication cost effective. On the other hand, the Mg-based metallic glasses especially with Zn addition are fully biocompatible. Pellicer 5 shows a slow degradation rate and an improvement in the mechanical properties within the first hours of immersion in the body fluid, which makes the amorphous alloy well suited for the temporary implants applications, such as screws, stents, and sutures. However, LöfflerÕs research group (Ref 10) conducted an electrochemical study on thin plates of Mg-Zn-Ca metallic glasses in the simulated body fluids. Based on the results of corrosion tests, it has been found that alloys with less share of zinc, such as Mg 66 Zn 29 Ca 5 and Mg 75 Zn 20 Ca 5 , experienced surface passivation during immersion tests. However, it should be noted that a development of BMG systems require the fabrication of the amorphous samples in a large amount by the conventional casting method under air atmosphere that still remains a challenging task. Unfortunately, there is no universal model, which could predict alloy compositions that are likely have a wide supercooled liquid temperature range. However, from the previous studies of many research teams, three empirical factors were found important in the formation of bulk amorphous alloys: (1) multi-component systems, (2) large differences in atomic sizes between the constituent elements, and (3) large negative heats of mixing in the liquid (Ref 5, 7) .
The main aim of the present work is a verification of the amorphous structure and an examination of selected properties of Mg-based alloys. The effect of Zn addition on glass-transition ability, crystallization process, and compression strength is described.
Materials and Methods
The studies were performed on the Mg 60 Cu 30 Y 10 and Mg 65 Cu 20 Y 10 Zn 5 (at.%) bulk metallic glasses in the form of rods with diameter of 2 mm. Preparation of the master alloys was carried out in two steps due to significant difference in melting temperatures of the alloying elements. The starting material for the master alloy was Cu and Y, which, due to the highest melting temperature, was melted by using the TechmaElcal Rel-15 induction generator. Then, the binary Cu-Y alloy was melted with Mg and Zn in an electric furnace in order to receive the ternary or quaternary master alloy.
The master alloys were re-melted in a protective atmosphere using induction melting and then injected into the copper mold by the pressure casting method (Ref [11] [12] [13] to obtain glassy samples in the form of rods. In order to study the crystallization process, the samples in the ''as-cast'' state were annealed throughout the temperature range from 373 to 573 K with the step of 50 K. The investigated rods were annealed in the Thermolyne Furnace 6020C electric chamber furnace under a protective argon atmosphere. The annealing time was constant and equal to 1 h.
The structure of the samples in ''as-cast'' and after annealing states was checked by x-ray diffraction in reflection mode using the Seifert-FPM XRD 7 diffractometer with Co Ja radiation. The powder diffraction patterns were recorded by ''stepscanning'' method in the 2h range from 30°to 90°. The onset (T x ) and peak crystallization (T p ) temperatures of the studied samples were determined by the differential scanning calorimetry (DSC) method using the DuPont 910 device in the temperature range from 350 to 500 K and a constant heating rate of 20 K/min under the argon atmosphere.
Thermal properties of studied master alloys were tested using a differential thermal analysis (DTA) method using the TA-1 Mettler thermal analyzer in the temperature range from 500 to 850 K at a constant heating rate of 6 K/s, under the argon atmosphere.
The fracture morphology of glassy samples in the form of rods in the as-cast state was analyzed using the scanning electron microscope Supra 35 Carl Zeiss with the EDS analysis. The non-standard compressive tests of the samples in the form of rods in the ''as-cast'' and after annealing were performed using the ZWICK 100 testing machine at room temperature.
Results and Discussion
The x-ray diffraction investigations revealed that the examined samples in the form of rods were amorphous. The diffraction patterns of studied Mg 60 Cu 30 Y 10 and Mg 65 Cu 20 Y 10 Zn 5 alloys (Fig. 1a) have shown the broad diffraction halo in the 2h range of 35-50°, indicating the formation of fully glass phase characteristic for the amorphous structure of the Mg-based alloys.
The DSC curves at heating rate of 20 K/min measured for the amorphous rods in the ''as-cast'' state are shown in Fig. 1b . The examined alloys exhibit the sequence of the glasstransition (T g ), the onset (T x ), and peak (T p ) crystallization temperature. The exothermic peaks describing a single stage of crystallization were observed for both studied alloys.
The DSC results for the Mg 60 Cu 30 Y 10 sample indicated that the onset crystallization temperature reached 473 K. Similarly, the peak crystallization temperature was 483 K. In the case of the alloy with Zn addition, the T x temperature is about 15 K lower and T p reached 469 K. The DSC analysis also allowed determination of the glass-transition temperatures of the It is important to notice that the presence of Zn leads to the decrease in both onset and peak crystallization temperatures in comparison with the Mg 60 Cu 30 Y 10 alloy. The decrease in the crystallization temperature is caused by the partial substitution of Cu by Zn in proportion depending on the chemical composition and the increase of Mg by 5 at.%.
In Fig. 2 , the DTA data for both alloys in the as-prepared state are shown. The obtained DTA curves exhibit endothermic features, which allowed the determination of the onset and the end of melting temperature for the heating rate of 6 K/min. For Mg 60 Cu 30 Y 10 , onset of melting temperature was 703 K, whereas the alloy with Zn addition reached temperature 690 K. A comparative analysis of DTA curves showed that the Mg 60 Cu 30 Y 10 alloy had higher melting temperature than the alloy with zinc. The decrease in the melting and crystallization temperatures is important for the stability of the amorphous structure. It is crucial for proper fabrication of the metallic glasses and fundamental for the molten alloy casting.
The ingots of Mg 60 Cu 30 Y 10 and Mg 65 Cu 20 Y 10 Zn 5 master alloys in the as-prepared state were examined also by SEM methods. Surface micrographs for the investigated samples in the form of ingots present transcrystalline and brittle fractures ( Fig. 3a and c) . Moreover, chemical analysis carried out using the EDS method also shows that the composition of the master alloys is close to the nominal (Fig. 3b and d) . No oxygen content has been observed, which suggests oxygen resistance of the examined alloys. Figure 4 shows the x-ray diffraction patterns obtained for both metallic glasses after annealing at 423, 473, and 573 K for 1 h. At 423 K, no sharp peaks, typical for crystalline materials, were observed. Both diffraction patterns exhibit only very broad features characteristic for amorphous substances. Additionally, it was observed that the increase of annealing temperature caused the decrease in the compressive strength of the studied samples. The crystallization process leads to worsening of the mechanical properties, which might be caused by the formation of the brittle, crystalline, intermetallic phaseMg 2 Cu.
The fracture surface morphology of Mg 60 Cu 30 Y 10 and Mg 65 Cu 20 Y 10 Zn 5 alloys is shown in Fig. 6 . It can be seen that the dominant fracture morphology is a typical mirror surface, characteristic for the glassy materials, and some ''smooth'' areas. The high magnification observations revealed that the fracture surface of the studied metallic glasses is covered by well-formed ''shell'' patterns ( Fig. 6a and b) , which approach the brittle behavior. Some ''shell'' patterns ( Fig. 6c and d) indicate a type of ''ductile'' fracture mechanism in these very brittle glassy alloys. Usually, the ''shell'' patterns are located at the sample edges and are in a direct contact with the liquid alloy within the walls of a copper mold (Fig. 6e and f) . The formation of ''shell'' patterns could be related to a casting contraction and stress during solidification process of molten alloy. The mirror surface is a typical morphology of the brittle amorphous materials (Ref 18).
Conclusions
In summary, the diffraction patterns of the studied Mg 60 Cu 30 Y 10 and Mg 65 Cu 20 Y 10 Zn 5 glassy alloys have shown the broad diffraction halo in the 2h range of 35-50°, indicating the formation of the fully glass phase. The addition of Zn caused the decrease in both onset and peak crystallization temperatures, in comparison to the Mg 60 Cu 30 Y 10 alloy. The decrease in the crystallization temperature had some consequences, because not only it decides upon the thermal stability of studied alloys but also the lower crystallization temperature and makes it easier to 10 . It can be concluded that the presence of zinc has a negative impact on the mechanical properties. Additionally, the increase in the annealing temperature caused some structural changes by a formation of the brittle, crystalline, intermetallic phases, which decreased the compressive strength of the studied samples.
